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Abstract

Using neutron/X-ray reflectivity and X-ray grazing incidence diffraction (GID), we have characterized the structure of mixed DPPE:GM
lipid monolayers before and during the binding of cholera toxin (C3)Ad its B subunit (CTB). Structural parameters such as the density
and thickness of the lipid layer, extension of the Gdligosaccharide headgroup, and orientation and position of the protein upon binding
are reported. Both CTABand CTB;, were measured to have50% coverage when bound to the lipid monolayer. X-ray GID experiments
show that both the lipid monolayer and the cholera toxin layer are crystalline. The effects of X-ray beam damage have been assessed and the
monolayer/toxin structure does not change with time after protein binding has saturated.
Published by Elsevier B.V.
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1. Background [4]. There, it interacts with integral membrane proteins, dis-
rupting their normal function, resulting in a large efflux of
Many bacterial toxins bind and gain entrance to target cells water and ions from the cell (severe diarrhfsg) Although
through specific interactions with membrane components. much is known about the structure and catalytic activity of
One such example is cholera toxin (CTABa pathologi- cholera toxin, the mechanism by which cholera toxin crosses
cally active agent secreted by the bacterMitwrio cholerae the plasma membrane remains unknown.
[1]. The toxin has an ABarrangement of subunits. Five iden-
tical B subunits (CTB), each composed of 103 amino acids,
form a pentameric ring with a vertical height of A2and
a radius of 38 [2,3]. CTBs is responsible for binding the
toxintoits cell-surface receptor, ganglioside GNihe single 2 1. Materials
A-unit is a disulfide-linked dimmer composed of an Al and

A2 subunit that is aligned through the central pore ‘doughnut | inig monolayers were studied at the air-water interface
hole’ of the B; subunit. After proteolytic cleavage (between  ging a Langmuir trough designed to fit at the horizontal
residues 192 and 194) and reduction of the disulfide bond refiectometer beamline (NG7) at the National Institute of
(cys187=cys199), it has been proposed that the Al peptide gandards and Technology (NIST), Center for Neutron
crosses the cell membrane and reaches the cytoplasmic facgesearch (NCNR, Gaithersburg, MD) and at the horizontal
scattering diffractometer (BW1) at HASYLAB, Deutsches

* Corresponding author. Fax: +1 505 665 2676. Elektronen-Synchrotron (DESY, Hamburg, Germany).
E-mail addressjarek@lanl.gov (J. Majewski). The lipid monolayer was composed of 80:20 mole% of

2. Experimental
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Fig. 1. Neutron reflectivity. (A) Neutron reflectivity of the monolayer, monolayer with boundsC@Bd monolayer with bound CTABPoints with error bars

are measured data. Solid and dashed lines indicate fits to the data corresponding to the scattering length density profile in (B). (B) Scattéensjtiength
profile of box model fits shown in (A). A detailed schematic of the box model is provid&ihin2. In the profile for the monolayer, the lipid tail, head, and
saccharide regions are clearly distinguishable. When«Girigl CTAB; are bound, the structure of the lipid monolayer is not significantly altered. The decrease

in scattering length density3(2)) of the lipid tail and headgroup regions is due to an increase in the area per molecule consistent with geometrical constraints

applied when cholera toxin binds GMThe A subunit clearly resides below thg Bentamer, facing away from the lipid layer.

DPPE:GM; [2-dipalmitoyl-sn-glycero-3-phosphoethanol-
amine:galactosyN-acetylgalactosaminyl N-acetyl-neur-
aminyl) galactosylglucosylceramide (GMganglioside)].
GM; and DPPE were obtained from Avanti Polar Lifids
and were used without further purification. Cholera toxin
CTABs was purchased from BioMol Research Labs and
CTBs was purchased from Sigma.,O was obtained
from Cambridge Isotope Laboratories Inc. Lipids were
dissolved in chloroform:methanol 90:10~1.2 mg/mL),
mixed to obtain a 80:20 mole ratio, and deposited a®H
or D,O buffer subphase (170mM NaCl, 1.4mM NgN
0.3mM EDTA, 15mM Trizma—HCI, pH=5.5-6.1). The

is sensitive to the average density structure normal to the in-
terface. Analysis of the reflectivity profiles was performed by
fitting real-space models to the measured reflectivity curve.
The experimentally measured neutron reflectivity profiles
for (1) the mixed d-DPPE:GMmonolayer, (2) the mono-
layer with CTBs, and (3) the monolayer with CTABon a
D,0 subphase are shown kig. 1A. Box models of con-
stantg(z) based on the molecular structure of the molecules
fit well to the experimental reflectivity profiles in all three
cases. The results of these studies, showhign 1B, ver-
ify some structural features of the system. First, the . GM
oligosaccharide region can clearly be seen extendiné 13

molar composition of the monolayer, surface pressure of into the aqueous phase before toxin is bound, consistent with

20 mN/m, and temperature of 2Q were held constant for
all experiments reported here.

3. Results and discussion

3.1. Neutron and X-ray reflectivity

Reflectivity, R, is defined as the intensity ratio of

previous X-ray scattering studif®]. Second, the Bsubunit
is clearly visible approximately 1A away from the lipid
headgroup region when CEBinds to the lipid monolayer.
And third, the A subunit faces away from the lipid mono-
layer. Analogous results are observed from X-ray reflectivity
experiments (results not shown), where th@Bd A subunits
were found to have the same orientation as determined from
neutron reflectivity measuremeriable 1

In Fig. 2 difference profiles are calculated from th&)

neutrons/X-rays elastically and specularly scattered from a profiles obtained iffrig. 1. A small decrease in density is ob-
surface relative to the incident neutron/X-ray beam. When served in the lipid region before and after toxin binding. No

measured as a function of wave-vector transfér, £
lkout — kin| = 4 sina/A, where « is the angle of inci-
dence andh the wavelength of the neutron/X-ray beam),
the reflectivity curve contains information regarding the

difference is observed when comparing the lipid layer state
with bound CTRB or CTABs. When subtracting thg(2) pro-
file of CTBs from the B(2) profile of the monolayer, the8
subunit layer can clearly be seen attached to the monolayer.

sample—normal profile of the in-plane average of the coherent The scattering length density of the Begion is an average

scattering length densitieg(2). In other words, reflectivity

1 Hydrogenated lipids were used in X-ray experiments. Lipids with deuter-
ated tails were used for neutron experiments.

2 |dentification of a commercial product does not imply endorsement by

the National Institute of Standards and Technology.

of bound toxin and RO subphase. The individual atom scat-
tering lengths for the 515 amino acids (103 residues per B
subunit) which make up CTHplus 204 water molecules and
the molecular volume\(=92,03043 calc.) obtained from
crystallographic data were used to calculate the scattering
length density of CTB[3]. Due to hydrogen—deuterium ex-
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Table 1
Box model fitting scattering length densities for monolayers e®b
Region DPPE: GM monolayer With CTB With CTABs

ZA) B(2) x 1078 a (AP Z(A) B(2) x 1076 o (A) ZA) B(2) x 1078 o (A)
Lipid tail 17.8+2 6.0+ 0.1 4+1 17.8 5.8 F 17.8° 5.8 F
Headgroup 7.5 4.5 3 5 4.4 F 7.5¢ 4.3 F
GM; 135 5.5 3 11.7 5.0 3 112 5.0 3
CTBs 25 4.0 3 25 4.0 F
CTABs 36.3 5.5 3
Subphasé 6.3 3 6.7 3 6.1d 5
Area expansion with protein N/A 8 5% 8+5%

a 2 values were between 1.7 and 2.4 for box model fits reported in this table.
b Because ou®), range was limited to 0.24-1, fitted parameters were not very sensitive to small changes in roughness. A minimum roughnkssasf 3

assumed due to capillary waves.

¢ Parameters that were fixed based on monolayer profile and not allowed to vary during the fitting procedure fpa@T&BB;.
d The difference in thg(2) of the subphase is due to the small addition eE+used for solvating the protein prior to incubation with the monolayer.

change and hydration changes, g{g) of CTBs in D20 will
be differentthan thg(z) of CTBs5 in H2O. A one-dimensional
NMR spectrum was run on a CEBsample to determine

length of each atom was obtained from the NIST website
http://www.ncnr.nist.gov/resources/n-lengttd=6.646 fm,
0=5.803fm, N=9.36fm, S=2.85fm, H=3.74fm,

the percentage of hydrogen exchange with deuterium. NMR D =6.671).

analysis showed thatb 3% of the total hydrogen exchanged
on the CTB molecule when dissolved in4® during an
hourly time scale. Based on thg§z) of the Bs region, the
percentage coverage of C¥as calculated to be 5 2%

3.2. X-ray grazing incidence diffraction (GID)

X-ray GID is a surface sensitive technique that allows

in D20 subphase (5% hydrogen—deuterium exchange) usingthe characterization of thin crystalline layers at an interface

Eq. (2):
B(2)measured™= (1 — X)(,B(Z)DZO) + O~953(X)(,3(Z)CTB5)
+0-047(X)(/3(Z)D20 in pora (1)

whereXis the % coverage of CT8(z)p,0 = 6.1E-06A~2,
and f(2)cTa,. p,0 = 1.8E-06A 2, 0.0953 and 0.047 are the

values obtained from the ragtio of CERolume (92036\3)
to central pore volume (4539°). In B(z)cTe, the scattering
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Fig. 2. Scattering length density difference profile of NR measurements
done on RO buffer subphase. To create the difference profiles,ag
profile of the pure monolayer was subtracted from the CTB5 and CTABS
B(2) profiles In the CTB;-monolayer case, thesBunit can be seen along
with differences in the lipid region. In the CTABCTBs case, the A unitcan
clearly be seen to be oriented away from the lipid layer. In the CTAB-CTB5
difference profile, there is little to no change in the lipid region when either
protein is bound.

and has the ability to provide in-plane (lateral) structural in-
formation. During this procedure, X-rays are incident at an
angle less than the critical angle for total reflection creating
an evanescent wave that propagates laterally at the interface.
This evanescent wave has an exponentially damped ampli-
tude along the inward surface normal to the interface with a
decay length of~100A. The evanescent wave is diffracted
by lateral two-dimensional order in the monolayer or bound
protein layer. If there is crystalline order, the evanescent
wave may be Bragg scattered from a grain, which is ori-
ented so itsi{K) lattice ‘planes’ make an anghg y with the
incoming evanescent beam thereby fulfilling the Bragg con-
dition, A = 2dy; sinéy [7]. Itis possible to acquire diffrac-
tion peaks from both the lipid tails and the protein layer.
The concentration of GMreceptor was sufficient to enable,
two-dimensional cholera toxin crystals to assemble. Conse-
quently, structural information can be deduced from both the
lipid layer and the bound cholera toxin layer.

Fig. 3 shows Bragg diffraction peaks of both the lipid
and protein layers. Results from qualitative analysis of these
peaks are consistent with the neutron reflectivity results de-
scribed above. The lipid peak of the monolayer is located
at 1.49A1 before toxin is bound. This position in recipro-
cal space corresponds talaspacing of 4.2 in real-space.

At a surface pressure of 20 mN/m, the pure monolayer has
a distorted hexagonal unit cell. When CTABr CTBs bind

to the lipid monolayer, a decrease in intensity of the lipid
peaks is observed. This is caused by the further distortion of
the hexagonal lipid unit cell when cholera toxin constrains
GM; molecules at its binding sites. This is consistent with
an 8+ 5% increase in the area per molecule as measured by


http://www.ncnr.nist.gov/resources/n-lengths
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Fig. 3. (A) Three curves representing measured data for lipid diffraction peaks for: (1) the monolayer with bound toxin, (2) the monolayer witfilgund C
and (3) the monolayer with bound CTABWhen toxin binds, it can be seen that there is a decrease in Bragg peak intensity due to partial damage to the lipid
crystal lattice. (B) Measured data for protein diffraction peaks for: (1) the bound Gi/Br, and (2) the bound CTABayer. The positions of the protein peaks
correspond with a 64 d spacing consistent with a #2B5 unit diameter obtained from the three-dimensional crystal structure.

Langmuir trough expansidB]. There are no significantpeak bated with CTAB for 1, 5 and 12 h. Each scan was per-

shifts inQyxy caused by toxin binding. At small€}y values formed on a region of the sample that had been previously
(larger length scales), diffraction from the protein layeris ob- scanned. It can be seen that the measured reflectivity pro-
served. Protein peak positiorn3,,= 0.105'&‘1) correspond file undergoes significant changes with increased exposure.

to a proteind spacing of 61, consistent with a 64 diam-  The corresponding electron density profil&sy( 4B) show

eter of the B pentameric ring determined from the three- a breakdown of the lipid monolayer and CTABtructure. It

dimensional crystal structuf@,3]. When CTAB; or CTBs was initially believed that this change in structure was due to

is enzymatically activated, there is a further decrease in thereal changes as the protein bound and penetrated the mono-

intensity of the lipid peaks (results not shown). layer with time. However, measuring with neutron reflectivity
showed no change in the reflectivity profile for repeated scans

3.3. X-ray beam damage done over a 16.5 hincubation period. The neutron beam is not

destructive to the sample due to its weak interaction with only
Repeated exposure of the sample to the X-ray beam cause@tomic nuclei. Due to these results, we concluded that protein
irreversible damagerig. 4A shows the reflectivity profiles ~ binding saturated after 3h and changes with increased incu-
of a 20% GM 80% DPPE monolayer that has been incu- bation time seen using X-ray reflectivity were solely a result
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Fig. 4. Repeatedly scanned X-ray reflectivity measurements of a 20¥8® DPPE monolayer that has been incubated with GT#B1, 5 and 12 h. The
result demonstrates the effects of beam damage on the sample. Neutron reflectivity results showed that this change in reflectivity with timequaseeconse
of beam damage to the sample.
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lating the sample a distance perpendicular to the X-ray beamnia. We acknowledge the support of the National Institute
during scans proportional to the intensity of X-ray incidenton of Standards and Technology, U.S. Department of Com-
the sample and only scanning a region of the sample once. Amerce, in providing the neutron research facilities used in this
consecutive X-ray reflectivity measurement of a sample that work. We acknowledge the support of HASYLAB, Deutsches
has been properly translated showed no change with timeElektronen-Synchrotron (DESY, Hamburg, Germany) in pro-
after 3 h (or after saturation). viding the X-ray research facilities used in this work We

gratefully thank Thorsten Dieckmann at the Chemistry De-
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4. Conclusion trometer time and analysis.
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